via the autophagy pathway, such as exosomes and their contribution to intertissue information relay, is another important avenue for exploration (16). This may be fruitful in identifying blood-borne factors and interorgan communication axes that fosters the pleiotropic health benefits of exercise.
Vainshtein A, Hood DA. The regulation of autophagy during exercise in skeletal muscle. J Appl Physiol 120: 664 -673, 2016. First published December 17, 2015 ; doi:10.1152/japplphysiol.00550.2015.-The merits of exercise on muscle health and well-being are numerous and well documented. However, the mechanisms underlying the robust adaptations induced by exercise, particularly on mitochondria, are less clear and much sought after. Recently, an evolutionary conserved cellular recycling mechanism known as autophagy has been implicated in the adaptations to acute and chronic exercise. A basal level of autophagy is constantly ongoing in cells and tissues, ensuring cellular clearance and energy homeostasis. This pathway can be further induced, as a survival mechanism, by cellular perturbations, such as energetic imbalance and oxidative stress. During exercise, a biphasic autophagy response is mobilized, leading to both an acute induction and a long-term potentiation of the process. Posttranslational modifications arising from upstream signaling cascades induce an acute autophagic response during a single bout of exercise by mobilizing core autophagy machinery. A transcriptional program involving the regulators Forkhead box O, transcription factor EB, p53, and peroxisome proliferator coactivator-1␣ is also induced to fuel sustained increases in autophagic capacity. Autophagy has also been documented to mediate chronic exercise-induced metabolic benefits, and animal models in which autophagy is perturbed do not adapt to exercise to the same extent. In this review, we discuss recent developments in the field of autophagy and exercise. We specifically highlight the molecular mechanisms activated during acute exercise that lead to a prolonged adaptive response. mitophagy; physical activity; lysosome; PGC-1; mitochondria CHRONIC EXERCISE TRAINING leads to pleiotropic benefits that are unmatched by any other intervention, be they pharmacological or nutritional. For decades scientists have been searching for the molecular forces driving these robust adaptations, with the hopes of unearthing pharmacological and lifestyle interventions for the treatment and prevention of various pathologies. In a society that is aging and is becoming simultaneously more sedentary, the ability to harness the beneficial effects of exercise is becoming increasingly critical.
The merits of exercise on whole body metabolism and general health are numerous. Regular exercise improves glucose homeostasis, cardiovascular health, muscle mass maintenance, and even mood and cognition (1, 6, 88, 92) . On a cellular level, exercise is beneficial for bioenergetics, nutrient delivery, and uptake, resulting in tissues of superior fitness, ready to endure the brunt of prolonged exercise and thus better cope with the stresses of day-to-day life (28, 33) . Energetic distress during exercise induces cellular remodeling in an attempt to satisfy the newly elevated energy requirements. Inefficient, nascent, and dysfunctional mitochondria, as well as oxidized and damaged proteins must be recycled to allow for the synthesis of new and improved machinery. Much emphasis has been placed on searching for the mechanisms involved in the synthesis of new organelles and proteins following exercise. However, a growing body of evidence suggests that organelle and protein degradation are just as important as synthesis for cellular renovation (26, 52, 54, 111) . Indications of the involvement of cellular recycling programs in exercisemediated adaptations have recently emerged. Indeed, both of the major cellular proteolytic pathways, the ubiquitin (Ub) proteasome and autophagy-lysosome systems, are activated with an acute bout of endurance exercise in various organs and tissues in humans and rodents (19, 26, 35, 36, 54, 95) .
Autophagy is a cellular recycling mechanism responsible for the disposal of toxic protein aggregates as well as nascent organelles. Autophagy has been conserved throughout evolution, and this process is vital for cellular turnover. Three different types of autophagy have been described, and they differ mainly in their mode of substrate delivery to the lysosome. Microautophagy refers to the degradation of substrates in the immediate vicinity of the lysosome through lysosomal membrane invaginations. This process is responsible for the degradation of specific proteins and cytosolic materials that are in close proximity to this organelle, or on the lysosomal membrane. Little is known about the role and regulation of this process, but it may be involved in mediating lysosomal signaling (51) . Chaperone-mediated autophagy, is a targeted degradation mechanism through which dedicated chaperones, such as, heat shock cognate protein-70 recognize a common KFERQ motif on selected substrates and directly deliver them to lysosomes for degradation (41). Macroautophagy (hereafter termed autophagy) is the best understood of the three and is the focus of this review. During this process, substrates, along with any cytosolic materials surrounding them, are engulfed within double membrane vesicles known as autophagosomes, which are subsequently delivered to the lysosome for degradation. The autophagosomes themselves, along with the proteins responsible for substrate recognition and delivery, are also recycled. Posttranslational modifications lead to an acute activation of this process, which is then followed by the potentiation of a longer-term cellular remodeling transcriptional program. Once activated, autophagy is thought to proceed in five distinct steps. These include 1) induction, 2) nucleation and expansion, 3) cargo selection, 4) fusion, and 5) degradation and efflux ( Fig.  1 ). These steps are characterized by the involvement of specific molecular complexes.
AUTOPHAGY IS ACTIVATED WITH EXERCISE
A basal level of autophagy is ongoing in all eukaryotic cells, and it aids in cellular housekeeping, as it is responsible for the homeostatic turnover of molecules and organelles (21) . During metabolic stress, such as increased oxidative stress, energetic imbalance, or protein misfolding, autophagy can be further upregulated. In this scenario, autophagy acts as an adaptive response system, essential for cell survival and the maintenance of cellular vitality (13, 101) . Aberrantly low autophagy contributes to tissue dysfunction and collapse of cellular homeostasis. Indeed, many degenerative diseases, muscle dystrophies, and even aging are characterized by insufficient autophagy (18, 74, 106) . On the other hand, excessive autophagy may contribute to protein catabolism during conditions such as prolonged muscle disuse and cancer-related cachexia (57, 79) . Various cellular stressors have been documented to induce autophagy in many tissues and cell types. These include metabolic stress in the form of nutrient insufficiency, oxidative These molecular messengers activate their respective downstream effectors, CaMK/calcineurin, SIRT1, AMPK, and p38. These, in turn, initiate both acute autophagy and potentiate a longer term transcriptional program. AMPK can lead to the activation of the autophagy induction complex by ULK1 phosphorylation, as well as inhibition of mTOR, which normally acts to block autophagy. Autophagy induction is followed by nucleation and expansion of the autophagosome mediated by the beclin-1 complex and the lipidation of LC3 to LC3-II by a series of conjugation reactions by a series of autophagy-related proteins we termed the LC3 lipidation complex. The beclin-1 complex can also be antagonized by Bcl-2. During the cargo selection process, dysfunctional organelles (such as mitochondria) or protein aggregates are tagged for degradation by ubiquitin (Ub) and are subsequently recognized by the adaptor protein p62, which binds to Ub and coalesces the materials to be degraded into the growing autophagosome by interacting with LC3. Mitochondria can be tagged for degradation by ubiquitination of substrates on the outer mitochondrial membrane by the E3 Ub ligase parkin, or by mitochondria-specific receptors BNIP3/L, independent of Ub. The precise mechanism of cargo selection following exercise is yet to be elucidated. Once the cargo is engulfed, the mature autophagosome is sealed and delivered to the lysosome. The two then fuse together, and the contents are degraded by various hydrolases within the lysosomal lumen. Basic building blocks, such as animo acids (AAs) are then released and can negatively feed back on the pathway by reactivating mTOR. Long-term potentiation of an autophagy transcriptional pathway also occurs with exercise. Calcineurin can dephosphorylate the master regulator of the autophagy-lysosome system, TFEB, and allow its localization into the nucleus. p38 and ROS can also induce a p53mediated transcriptional program, although that is yet to be confirmed. AMPK, p38, and SIRT1 can also activate FoxOdependent gene transcription. Moreover, CaMK and calcineurin induce PGC-1␣ expression, while SIRT1, AMPK, and p38 upregulate PGC-1␣ activity. Once active in the nucleus, PGC-1␣ co-activates transcription factors, resulting in the increased expression of autophagy and lysosomal genes. See text for definition of acronyms. stress, calcium imbalance, and general disturbances in cellular homeostasis (65, 71, 73, 85, 91) . Coincidently, exercise can elicit many of these stresses, which may contribute to autophagy activation (26, 28, 54) . The first documented evidence for a change in autophagy during exercise was noted back in the 1980s (93, 97) . An increase in both the number and size of autophagic vacuoles was observed in the liver and skeletal muscle of exercised animals. However, the importance of this activation and the contribution of autophagy to exercise-induced metabolic benefits were not established until recent years. In 2011, Grumati et al. demonstrated that autophagy was induced in skeletal muscle with an acute bout of exercise, and that animals lacking collagen VI, a model where autophagy is compromised (18), were exercise intolerant (19) . Moreover, these mice demonstrated an exacerbation of their dystrophic phenotype with acute and chronic exercise (19) , suggesting that functional autophagy is required for the proper response to exercise. An increase in the expression of autophagy genes, as well as induction in autophagy proteins in response to exercise, have since been noted in various tissues in both humans and rodents (9, 35, 36, 52, 62, 111) . Indeed, autophagy induction following exercise has been observed in multiple metabolically relevant organs, such muscle, liver, heart, pancreas, and adipose tissue (27) . Moreover, autophagy activation after exercise has been reported even in the brain and may account, at least in part, for the neuroprotective effects of chronic exercise (27, 58, 119) . The importance of autophagy for chronic exercise-mediated metabolic benefits has also begun to emerge (Fig. 2 ).
MOLECULAR MECHANISMS OF AUTOPHAGY ACTIVATION
Muscle contraction constitutes a form of energetic stress, much like nutrient deprivation, which leads to alterations in molecular messengers, such as, calcium, AMP, NAD ϩ , and reactive oxygen species (ROS). These messengers activate downstream signaling cascades, culminating in a biphasic autophagic response aimed at restoring homeostasis ( Fig. 1) .
Under steady-state conditions, when energetic supply and demand are in equilibrium, the metabolic sensors mammalian target of rapamycin (mTOR) and protein kinase A negatively regulate autophagy through the phosphorylation and inhibition of the induction complex (29, 39, 107) . When energy demand outweighs supply, the AMP-to-ATP ratio rises, and this activates AMP-dependent kinase (AMPK), while inhibiting mTOR activity. Elevated production of ROS and an increase in NAD ϩ during exercise also result in the activation of AMPK (7, 24) , as well as additional cellular stress responders, such as sirtuin-1 (SIRT1) and p38 MAPK (2, 7, 82) . These molecules, in turn, lead to the activation of autophagic machinery (29, 44) . The induction phase of phagophore (an immature precursor of the autophagosome) formation is mediated by the unc-51-like kinase 1 (ULK1) complex (61) . This induction complex is composed of the core components, including ULK1, which is a serine/threonine protein kinase, autophagy-related gene 13 (Atg13), which is a phosphoprotein, and FIP200 (focal adhesion kinase family-interacting protein of 200 kDa) (23, 29, 30) . AMPK can activate ULK1 during exercise by directly phosphorylating it on Ser-555. Moreover, the inhibition of mTOR during exercise also releases the inhibitory phosphorylation of ULK1 on Ser-757, thus further activating the induction complex (66) . The activation of AMPK with exercise is well established, and recent evidence indicates that it is associated with autophagy activation during exercise (26, 66) . A single bout of exercise increased the activity of autophagy in the skeletal muscle of wild-type mice, but not in AMPK␣2 Ϫ/Ϫ mice. This finding was attributed to an increase in AMPK-␣2 association with sestrins 2 and 3 following exercise (53) . Sestrins can inhibit mTOR function, thus inducing autophagy, and they have been recently documented to facilitate the degradation of autophagy substrates by promoting ULK1 phosphorylation of p62 (87) . ULK1 activation has been documented with exercise in both humans and rodents. One hour of cycling at 50% of maximal oxygen consumption increased autophagic signaling through the phosphorylation of ULK1 at Ser-555 in human skeletal muscle (66) . This activation was also associated with AMPK-␣ Thr-172 phosphorylation and was independent of nutritional status, as a 36-h fast before exercise did not result in any further induction of ULK1. The effects of nutrient deprivation preceding exercise on autophagy activation remains controversial, however, as other studies have reported that 24-h starvation before exercise resulted in both enhanced, and diminished, autophagy following an acute bout of exercise (37, 66, 123) .
The next stage of autophagy is the nucleation and expansion of the autophagosomal membrane. Autophagosome formation is no simple task, requiring the tethering together of membranes from different donor sources. The exact origin of the autophagosomal membranes is the subject of much debate, but mitochondria (20, 21) , endoplasmic reticulum (17, 113) , plasma membrane (86) , and even the nuclear envelope (84) have all been implicated in membrane donation to the growing phagophore. It is becoming more and more evident that the autophagosome membrane source may vary based on the autophagic stimulus, as well as the cargo destined for degra- Long-term adaptations to exercise that are potentiated by exerciseinduced autophagy. Exercise initiates a cascade of events, which leads to increased oxidative stress, energetic imbalance, increase intracellular calcium, and protein misfolding (28, 115) . Oxidative stress (54), energetic imbalance (53) , calcium (62, 95) , and misfolded proteins (50, 72, 118) can induce autophagy activation. Autophagy then participates in mitochondrial turnover (54, 111) , protein turnover (11, 54) , metabolic adaptations (10), as well as angiogenesis (52) . These adaptations together result in enhanced endurance performance (52), as well as improved glucose and lipid homeostasis (26) .
dation. Autophagosome nucleation involves the beclin-1 complex, which is composed of beclin-1, class III phosphatidylinositol 3-kinase, vacuolar protein sorting (VPS) 34, VPS15, AMBRA1 (activating molecule in BECN1 regulated autophagy protein 1), and UVRAG (ultraviolet irradiation resistance-associated gene). Bcl-2 can serve to antagonize this step by sequestering beclin-1 and AMBRA1 (15, 34, 78) . Seminal work by He et al. (26) has revealed that exercise-induced autophagy engages the Bcl-2-beclin-1 complex. In this scenario, phosphorylation of Bcl-2 during exercise results in the emancipation of beclin-1, allowing autophagosome nucleation. Mice in which beclin-1 cannot be dissociated from Bcl-2 (Bcl2 AAA mice) demonstrate normal basal autophagy, but impaired stimulus-induced autophagy. These animals display compromised exercise performance and impaired exercisemediated metabolic adaptations, indicating the importance of autophagy activation with exercise. Interestingly, these findings are not limited to Bcl2 AAA mice, but are rather ubiquitous among various autophagy-deficient models. Mice heterozygous for beclin-1 (beclin1 ϩ/Ϫ mice), as well as mice hypomorphic for Atg16L1, an essential autophagy protein vital for autophagosomal membrane synthesis, display defects in exercise performance that are similar to those observed in Bcl2 AAA mice. Moreover, these animals also fail to display exercisemediated improvements in whole body metabolism (26, 52) . Vesicle expansion is a poorly defined event, but it is thought to involve Atg9-mediated membrane recruitment (116) . Atg9 levels seem to determine the number of autophagosomes formed. Moreover, there are two Ub-like protein conjugation systems that act to promote the formation of the autophagosome precursor, the phagophore (73) . These are involved in the ultimate conjugation of microtubule-associated protein light chain 3 (LC3), and its close relatives GABARAP (GABA receptor-associated protein), and GATE16 (32, 40, 48) , to phosphatidylethanolamine. This is an essential step in the autophagic process, and it occurs through a cascade of conjugation reactions performed by several autophagy-related genes [reviewed in detail elsewhere (64)]. Global loss of genes coding for proteins involved in vesicle expansion is often lethal. For instance, systemic loss of Atg7 leads to neonatal lethality, while mice with a conditional knockout of Atg7 in skeletal muscle are viable, but experience impaired muscle function and atrophy (47, 60) . An increase in cellular NAD ϩ level during exercise activates the NAD-dependent deacetylase SIRT1 (7) , which has been documented to regulate the acetylation status of Atg7 (49) . Surprisingly, exercise performance was not altered in muscle-specific Atg7 Ϫ/Ϫ mice, as it was in animals with global autophagy defects (45, 54) . This suggests a cell non-autonomous role for autophagy during exercise. Although autophagy induction following exercise has been documented to occur in various tissues, including liver, heart, pancreas, adipose tissue, and even brain (26, 27) , the contribution of this activation to overall exercise-induced metabolic benefits has not been well defined, and this topic requires further investigation. Examining the role of autophagy during exercise in a variety of conditional autophagy null animals will be vital for gaining a better understanding of the cell nonautonomous role of this pathway. However, results from experiments involving long-term autophagic deficiency should be interpreted with some caution due to the confounding effect of aggregated toxic cellular debris and dysfunctional organelles in such models. Indeed, alterations in exercise capacity in autophagy-deficient animals may be a result of secondary aggregates and degeneration, rather than a primary deficiency in autophagic capacity. Interestingly, repeated bouts of damaging downhill running do result in a progressive drop in performance, as well as diminished mitochondrial membrane potential in muscle-specific Atg7 Ϫ/Ϫ mice, a finding that was not evident in wild-type exercised animals (54) . These results suggest that the expansion stage of autophagy is vital for proper autophagic turnover of dysfunctional proteins and organelles following exercise.
Generally, a series of conjugation reactions by several autophagy-related genes act to promote phagophore expansion and sealing by LC3 lipidation. LC3 exists in its inactive form, free in the cytosol, and must first be cleaved by the protease Atg4, giving rise to LC3-I (100), which is subsequently conjugated to phosphatidylethanolamine. Lipid conjugation converts LC3-I to the LC3-II form that is attached to either side of the growing phagophore membrane. LC3 lipidation and formation of autophagosomes is an early autophagic event that has been documented to increase progressively with exercise in humans and rodents (19, 26, 35) . Aside from its role in autophagosome expansion, LC3-II also plays an essential role in cargo selection. In selective types of autophagy, cargo selection occurs during the expansion step. Substrate specific receptors such as p62 (68), NBR-1 (neighbor of BRCA1 gene 1) (46), and others can interact with ubiquitinated proteins on organelles and recruit the autophagosome. These proteins act as molecular adaptors, as they are equipped with both Ub (Ub) and LC3-interacting regions. The cargo-receptor complex is then selectively encapsulated by the autophagosome through receptor-mediated interaction with LC3-II.
Organelle-specific autophagy receptors that act independently of Ub have also been identified. Mitophagy refers to the selective removal of mitochondria, and it involves specific receptors such as BCL2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3) and BNIP3-like (also known as NIX) that interact directly with LC3-II on the phagophore (22, 67, 98) . Mitophagy has also been recently documented to take place following exercise (52, 54, 111, 117) . This removal is thought to occur at least in part due to enhanced ROS production with exercise. Indeed, treatment with general or mitochondria-specific ROS scavengers in wild-type mice has been shown to attenuate autophagy induction, resulting in deteriorating exercise performance with repeated bouts (54) . Moreover, the stress of exercise can enhance the formation of a protein complex involving REDD1 (regulated in development and DNA damage responses 1) (an mTORC1 inhibitor) and TXNIP (thioredoxin-interacting protein) (a prooxidant protein), which induces ROS production and facilitates autophagosome formation (83) . In cells and tissues lacking either REDD1 or TXNIP, ROS is reduced, which results in the enhanced catalytic activity of the redox sensitive Atg4B, thus promoting LC3-II delipidation, and halting autophagy. This reduction in autophagy culminates in the accumulation of defective mitochondria, impaired oxidative phosphorylation, and reduced exercise capacity.
Exercise-induced mitophagy also seems to involve the mitochondrial E3 ligase parkin (54, 111) . Although the precise role of parkin during exercise has not yet been dissected, its activation can be the result of an increase in oxidative stress, or a loss of membrane potential, which result in the stabilization of the kinase PINK1 (PTEN-induced putative kinase 1) on the mitochondrial outer membrane. PINK1 then recruits parkin to ubiquitinate targets on the mitochondrial membrane, thus signaling autophagosome formation. Aerobic exercise enhances mitochondrial localization of LC3II, p62, and Ub, further indicating mitophagy induction with exercise (95) . The removal of dysfunctional mitochondria through mitophagy following exercise seems vital for muscle health and exercise performance in subsequent bouts, and this effect may be more pronounced in females (54) . Studies on the possible sex differences in exercise-mediated autophagy induction are necessary to better understand this phenomenon.
Once the autophagosome is complete, it begins its journey along microtubule tracks to the lysosome where fusion can take place. LC3, Rab7, and FYCO1 (FYVE and coiled-coil domain containing 1) form an adaptor protein complex that promotes the microtubule transport of autophagic vesicles. FYCO1, which contains both an LC3-interacting region and a phosphatidylinositol 3-phosphate-binding domain, is important for autophagosome movement (76) . The autophagosome and lysosome then fuse together to form the autolysosome, a process that requires the assistance of lysosomal-associated membrane proteins, as well as the tethering and fusion components, including Rab proteins, and soluble N-ethylmaleimide-sensitive factor attachment protein receptors (64) . However, these proteins are not specific to macroautophagy, and very little is known about autophagosome trafficking during exercise.
Autophagosomal contents subsequently undergo degradation within the lysosomal acidic environment, induced by a wide range of hydrolases. The macromolecules released can then be recycled to restore cellular energetic balance, or they can be used for biosynthesis. Moreover, the amino acids that efflux from proteolysis within the lysosomal lumen can act in a retrograde manner to activate mTOR and inhibit autophagy progression, in a negative feedback loop. The activity of lysosomal hydrolases is enhanced following exercise (97) , and lysosomal abundance has also been documented to increase with chronic exercise (123) .
LONG-TERM POTENTIATION OF AUTOPHAGY VIA TRANSCRIPTIONAL ACTIVATION
A growing body of evidence suggests that the autophagic response to exercise as well as other stresses may be biphasic. Cellular metabolic distress first induces a rapid increase in autophagy flux, which occurs within minutes to hours of exposure to a stressful stimulus, and is mediated by posttranslational protein modifications. This initial phase is generally followed by a long-term potentiation that relies on the activation of a transcriptional program (80) . Stress-responsive transcription factors, including the Forkhead box O (FoxO) family of transcription factors, transcription factor EB (TFEB), p53, as well the transcriptional peroxisome proliferator co-activator-1␣ (PGC-1␣), have all been identified to play a major role in the regulation of autophagy gene expression in response to exercise.
The evolutionarily conserved FoxO family of transcription factor was one of the first to be recognized to regulate the expression of autophagy-and lysosome-related genes (57, 120) . The function and activity of FoxO proteins are mainly regulated by posttranslational modifications, such as phosphorylation and acetylation, which affect their cellular localization. The FoxO family is negatively regulated by the insulin-Akt axis, which is upstream of mTOR. Both transcription-dependent and -independent functions have been described for the FoxO family in the regulation of autophagy. FoxO3 drives a transcriptional program that enhances the expression of numerous autophagy-related genes in various cell types. For instance, FoxO3 upregulates the transcription of core autophagy machinery, such as LC3, p62, cathepsin L, and BNIP3 in response to cellular stress (63, 112, 120, 121) . FoxO1, another family member, also transactivates autophagy genes once in the nuclear compartment (25, 124) . However, cytosolic FoxO1 can also regulate autophagy independently of its transcriptional activity (122) . Recent evidence indicates that FoxO1 and FoxO3 gene expression is induced following an acute bout of exercise in humans and rodents (35, 36). Moreover, exercisemediated increases in AMPK, SIRT1, and p38 MAPK can all activate FoxO1 and FoxO3 through posttranslational modifications (7) , thus implicating these transcriptional regulators in the long-term potentiation of autophagy with exercise.
TFEB is a basic helix-loop-helix, leucine zipper transcription factor, belonging to the family of microphthalmia-associated transcription factors. TFEB has been termed the master regulator of cellular recycling, as it coordinates the expression of both autophagy and lysosomal genes. A recent study documented an enhanced nuclear localization of TFEB following exercise, an event regulated by the calcium-dependent phosphatase calcineurin (62) . Calcium transients are typical during muscle contraction, and the temporary increases in intracellular calcium signal downstream to calcium/calmodulin phosphatase (calcineurin) and kinase (CaMK) (8) . Indeed, calcineurin deficiency or its pharmacological inhibition attenuate exerciseinduced adaptations (69, 77) . TFEB transcriptional activity is also regulated by mTORC1. When mTORC1 is activated by amino acids arising from within the lysosomal lumen, it phosphorylates TFEB on several serine and threonine residues (105) . Phosphorylated TFEB is detained in the cytosol by the chaperone 14-3-3. Additionally, TFEB can also be phosphorylated and negatively regulated by ERK. During exercise, TFEB is liberated due to reduced inhibition by mTOR, along with a simultaneous increase in dephosphorylation by calcineurin (62) . TFEB can then translocate to the nucleus, where it stimulates the expression of multiple autophagy-lysosome genes that possess a consensus E-box binding motif. TFEB regulates a gene network collectively termed CLEAR (coordinated lysosomal expression and regulation), which includes autophagy-lysosome factors involved in various stages of the pathway (75, 99, 104) . Beclin-1, p62, and lysosomal cathepsin D, are all bona fide TFEB targets, just to name a few (75, 105) .
The tumor suppressor p53 has been documented to regulate an ever-increasing number of biological processes. Indeed, this protein has been implicated in the transcriptional regulation of the autophagy-lysosome system (42). p53 Activation inhibits mTOR activity and promotes the transcriptional upregulation of autophagy genes in the nucleus (14, 80) . A global genomic profiling of the p53 transcriptome revealed a large number of autophagy genes involved in various steps of the process to be direct targets of p53 (42, 56) . Moreover, the p53 target genes sestrins-1 and -2 have also been documented to regulate autophagy through the modulation of AMPK-mTORC1 axis (56) .
Interestingly, p53 also appears important for exercise-induced metabolic benefits, and loss of this transcription factor results in reduced exercise-mediated adaptations (94) . However, the regulation of autophagy by p53 is complex and is highly dependent on the subcellular localization of this protein. For instance, cytosolic p53, in direct opposition to its nuclear location, appears to arrest autophagy (5, 89, 109) .
The transcriptional co-activator PGC-1␣ has also been documented time and again to be induced by exercise (2, 3, 96, 111) and to mediate many exercise-induced metabolic benefits (3) . AMPK, p38, CaMK, SIRT1, and p53 have all been found to regulate PGC-1␣ activity and expression following exercise (28, 117) . Moreover, PGC-1␣ has also been documented to exert transcriptional regulation over autophagy in several cell types (102, 108, 110) . We have recently documented that AMPK and p38 are both activated following acute exercise, which correlated with the nuclear localization of PGC-1␣ (111) . We also demonstrated that PGC-1␣ is required for normal autophagy and mitophagy kinetics during exercise, as well as for the induction of the autophagy-related genes LC3 and p62 following exercise.
Contractile activity also results in sarcoplasmic reticulum stress and a PGC-1␣-mediated unfolded protein response (43, 115) . Certain unfolded protein response factors have been implicated in the activation of autophagy in various cell types (50, 70, 118) . Interestingly, TFEB and PGC-1␣ have been documented to regulate the expression of one another in liver and neuronal cells under different cellular and metabolic stressors, which makes for an interesting metabolic regulatory circuit that is worthy of further study (103, 110) .
Altogether, a number of transcriptional regulators of autophagy have emerged, and these appear to potentiate a nuclear-autophagic response to exercise. However, the transcriptional regulation of autophagy and lysosomal components, especially following exercise, has only recently begun to be elucidated, and much more work is necessary to establish the regulatory network of this important pathway.
AUTOPHAGY AND CHRONIC EXERCISE
Autophagy is fast emerging as an important mechanism underlying exercise-induced metabolic benefits (Fig. 2) . Functional autophagy was found to be required for exercise-mediated protection against high-fat diet (HFD)-induced metabolic derailment (26) . Bcl2 AAA mutant mice with defective autophagy were more susceptible to HFD-induced obesity and failed to exhibit chronic exercise-mediated protection against HFD-induced impairments in glucose tolerance. Moreover, repeated bouts of damaging exercise reveal the importance of autophagy for cellular turnover postexercise, thus contributing to exercise-induced adaptations (54) . Indeed, chronic voluntary exercise results in increased basal autophagy and mitophagy protein expression (52); however, this increase is compromised in mice that are heterozygous for beclin 1 (beclin1 Ϫ/ϩ ). Muscle of beclin1 Ϫ/ϩ mice is also deficient in mitochondrial biogenesis and angiogenesis, which culminate in reduced adaptive endurance capacity. Therefore, increased basal autophagy is required for chronic exercise-induced skeletal muscle adaptations and improvements of physical performance (52) . Moreover, since the autophagy-lysosome system is also involved in exosome release and vesicular trafficking (4), it is conceivable that deficient autophagy may alter the release of musclederived myokines and miRs. Due to the importance of muscle as a metabolic center, this could dampen whole body exerciseinduced benefits. Interestingly, chronic exercise was also demonstrated to restore autophagy flux in skeletal muscle of animals treated with the lysosomal inhibitor chloroquine, as well as increase the abundance of autophagy markers with aging (38, 114) . This suggests exercise as potential form of therapy for myopathies characterized by deficient autophagy. However, exercise should be prescribed with caution, as in certain autophagy-deficient conditions such as collagen VI-deficiency, it may be detrimental (19) .
EXERCISE AND AUTOPHAGY WITH AGING
The autophagy-lysosome system appears to have a pleiotropic role in tissue turnover and cellular clearance, which are compromised during cellular senescence (31, 90) . In accordance with this, the suppression of autophagy causes progressive dysfunction in various organs with age. Interestingly, multiple factors currently recognized to be involved in life extension also impinge on autophagy. For instance, rapamycinmediated longevity is mediated by mTOR suppression, which leads to the activation of autophagy. Similarly, resveratrol mediated-sirtuin activation also leads to enhanced autophagy. Caloric restriction can inhibit mTOR and activate sirtuins as well as AMPK, all signals that converge on autophagy activation. Moreover, spermidine-and coffee-mediated life-span extension have been attributed to autophagy activation (12, 81) . Indeed, life-long exercise, in combination with caloric restriction, improved the decline in autophagy proteins with aging and dampened the age-related increase in oxidative damage and apoptosis (114) . Autophagy involvement in longevity and aging is a growing field of interest and has been reviewed extensively (55, 59, 90) . However, whether autophagy dysfunction contributes to aging, or whether cellular senescence contributes to autophagic dysfunction, thus leading to a vicious cycle, needs to be further teased out. The compilation of these findings indicates that autophagy may indeed be the common element required for life extension. How autophagy may mediate longevity is not fully elucidated yet, but it could be related to its role in facilitating the disposal of noxious proteins and organelles, thus preventing their accumulation and promoting cellular rejuvenation.
CONCLUSION
A growing body of evidence indicates that autophagy is activated during an acute bout of exercise in various tissues and cell types, both acutely through posttranslational modifications, as well as more chronically by the enlistment of a transcriptional program. It is also becoming increasingly evident that autophagy is involved in exercise-induced adaptations through increased cellular turnover. With this in mind, the study of autophagy and exercise is still in its infancy, and additional research delving into the mechanisms of autophagy activation and contribution to long-term adaptations are required. The involvement of additional types of autophagy, such as chaperone-mediated autophagy and microautophagy, during exercise and exercise-induced adaptations should be investigated, as many metabolic factors are substrates of these pathways. Moreover, the importance of factors released by muscle 
